on affected individuals, their caregivers and society as a whole [1, 2] . Although new pharmacological and psychotherapeutic treatments for depression have been developed in the last decades, up to one third of depressed patients still go on to develop treatment-resistant depression (TRD) [3] . Identifying brain abnormalities associated with TRD may be informative about underlying mechanisms of the disorder and deliverable drug targets, and this is especially important because innovating treatment for MDD and TRD in particular is urgent.
The majority of TRD research studies use the European Staging Model, which operationalizes TRD as non-response to at least two different classes of antidepressants [4] . However, there is significant variation in the severity of patients classified as having TRD because this is a broad definition, and because other staging models defining TRD are also used [5] . Additionally, the majority of extant TRD studies typically examine patients currently on medication, and are therefore unable to disentangle current medication use from neural markers associated with TRD. To circumvent these limitations, we examined a homogenous sample of unmedicated TRD patients.
Following prominent network models of depression [6] [7] [8] , we focused on fronto-limbic structures that have shown structural and functional abnormalities in multiple previous studies. In particular, we targeted the amygdala because it's volume has been shown to be impacted in MDD [9] , the hippocampus because it is thought to be related to chronicity in MDD [10] , and the anterior cingulate cortex (ACC) because it is often targeted in deep brain stimulation, a treatment for TRD [11] . Impaired micro structural integrity in white matter structures connecting these temporal and frontal regions, such as the cingulum bundle and uncinate fasciculus, have also been identified in TRD [12] [13] [14] [15] and MDD [16] [17] [18] . Focusing on these
Introduction
Major depressive disorder (MDD) places an enormous burden fronto-limbic regions, we simultaneously examined gray and white matter structures in TRD using voxel-based morphometry (VBM) and tract-based spatial statistics (TBSS), respectively. VBM is a widely used technique that characterizes localized differences in gray matter volume between groups of subjects at the voxel level across the whole brain or within a-priori regions of interest. To examine white matter differences in quantities derived from diffusion weighted imaging data, we used a recently developed method called TBSS. Different measures based on the anisotropic diffusion of water in white matter tracts can be derived from this data under the diffusion tensor imaging (DTI) model. The most common is fractional anisotropy (FA), which quantifies the degree to which the voxel-wise estimated diffusivity proceeds along a single preferred direction, thereby providing information about microstructural tissue integrity. Mean diffusivity (MD), which measures total strength of diffusion to provide information about fiber density, as well as mode of anisotropy (MO), which reflects the diffusion shape to provide information about crossing fibers, can also be assessed.
The combined VBM and TBSS analyses are used here provide a clearer understanding of structural brain abnormalities associated with TRD by simultaneously identifying patterns of related change in gray and white matter. These techniques can be used to identify changes in volume and associated connectivity in TRD, and previous studies have demonstrated that both white and gray matter changes can be indicative of disease status [19] [20] [21] [22] . Based on the extant literature, we hypothesized that individuals with TRD will show decreased gray matter volume and impaired white matter integrity in fronto-limbic regions in comparison to healthy controls. Furthermore, because previous studies have not related gray and white matter abnormalities to each other, we explored the relationship between imaging modalities.
Methods

Participants
Patients were recruited from the Department of Psychiatry of Radboud University Medical Centre Nijmegen, The Netherlands. All patients had undergone a stepwise treatment consisting of a combination of serotonin-reuptake inhibitors (SSRIs), serotonin-noradrenaline-reuptake inhibitors (SNRIs), tricyclic antidepressants (TCAs), monoamine oxidase (MAO) inhibitors and mood stabilizers without clinical response, and were awaiting electroconvulsive therapy at the time of the scan. A diagnosis of MDD was established using the Structured Clinical Interview for DSM-IV (SCID-IV). Depressive symptoms were rated using the 17-item Hamilton Depression Rating Scale (HDRS, [23] ) within one week of the scan. Although HDRS scores indicate that patients ranged from mild to severe depression, all patients had symptoms that interfered with daily functioning and the symptoms were not remitting.
To minimize the confounding effects of medication, all patients underwent a wash-out phase with a minimum duration of 1 week prior to the scan except for tranylcypromine, which was reduced over several weeks and stopped 3 weeks prior to the scan due to its irreversible binding qualities. None of the patients received an SSRI with a long-lasting half-life prior to the scan. Exclusion criteria were electroconvulsive therapy treatment within 1 year prior to the scan, bipolar depression, and a co-morbid diagnosis of schizophrenia or substance dependence disorder. Further exclusion criteria were current use of any psychotropic medication other than intermittent use of benzodiazepines, current or past relevant somatic or neurological disorders, and magnetic resonance imaging (MRI)-related exclusion criteria such as claustrophobia, pregnancy or a pacemaker.
Exclusion criteria for the healthy comparison subjects were any lifetime DSM-IV axis I disorder, as assessed with the Mini-International Neuropsychiatric Interview [24] , and/or a history of psychiatric disorders in first-degree relatives. All participants were otherwise healthy and did not use any medication other than hormonal contraceptives. Other exclusion criteria were a history of substance abuse or dependence, a history of traumatic brain injury, claustrophobia, metal implants, and for women, postpartum depression, pregnancy, lactation, or menopause.
After excluding one healthy control due to poor DTI data, our final sample consisted of 22 TRD patients and 21 healthy controls. The groups were equivalent in gender distribution, Χ 2 (1, N = 43) = 0.014, p > 0.57, age, t(41) = -0.253, p > 0.80, handedness, Χ 2 (1, N = 43) = 0.282, p > 0.59, and education level, t(41) = 0.563, p > 0.57. describes the TRD patient demographics and treatment history. The study was approved by the local medical ethical committee, commissie mensgebonden onderzoek Regio Arnhem-Nijmegen, and all subjects provided written informed consent.
Image acquisition
Structural MRI data were collected on a 1.5-Tesla Siemens Avanto scanner (Siemens, Erlangen, Germany). A T1-MPR-NS sequence was used with the following parameters: repetition time (TR) = 2.73 s, echo time (TE) = 2.95 ms, inversion time (TI) = 1000 ms, flip angle = 7 degrees, field of view = 256 × 256 × 256, and voxel-size = 1 × 1 × 1 mm. Diffusion weighted imaging data were collected using the following parameters: TR = 7.40 s, TE = 85 ms, field of view = 220, slice thickness = 2.5 mm, 56 interleaved slices. The diffusion sensitizing gradients were applied along 34 collinear directions (b = 1000 s/mm 2 ). All data were processed using tools from the FMRIB Software Library (FSL, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/).
Gray matter VBM analysis
Structural data were analyzed using FSL-VBM [25] , (http://fsl. fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM), an optimized VBM protocol [26] executed with FSL tools [27] . Structural images were brainextracted, gray matter segmented, and registered to the MNI-152 standard space using non-linear registration. A study-specific gray matter template was created by averaging structural images from 21(randomly selected) TRD and 21 healthy controls. Next, all native gray matter images were non-linearly registered to this study-specific template and modulated to correct for local expansion or contraction due to the non-linear component of the spatial transformation. The modulated gray matter images were then smoothed with an isotropic Gaussian kernel with a sigma of 4 mm. The study-specific template and structural images for each participant were checked to ensure data quality.
To investigate differences in gray matter volume between TRD and healthy controls within our a-priori fronto-limbic regions of interest (ROIs), we used a permutation-based non-parametric inference method within the general linear model framework. The Harvard-Oxford probabilistic cortical atlas thresholded at 20% was used to identify the subcallosal cortex, which included medial orbitofrontal cortex (OFC), and the Harvard-Oxford probabilistic subcortical atlas thresholded at 20% was used to identify the bilateral amygdala and hippocampus. Group differences were examined within this mask (small-volume corrected) and results were thresholded at p < .05 controlling the local false discovery rate [28] .
White matter TBSS analysis
Voxelwise statistical analyses of diffusion weighted imaging data using FA, MD and MO indices were carried out using TBSS [27, 29] . FA provides information about micro structural tissue integrity through diffusivity measurements, MD serves as a proxy for fiber density through assessment of total diffusion strength [30] , and MO provides information about crossing fibers through assessment of diffusion shape [31] . Using FSL, FA images were first created by fitting a tensor model to the raw diffusion data using FDT, and then brain-extracted using BET. FA data from all subjects were then aligned into a common space using the nonlinear registration tool FNIRT, which uses b-spline representation of the registration warp field. Next, the mean FA image was created and thinned to create a mean FA skeleton that represents the centers of all tracts common to the group. Each subject's aligned FA, MD and MO data were then projected onto this skeleton and the resulting data were fed into voxelwise cross-subject statistics. To define white matter ROIs, a fronto-limbic mask containing bilateral cingulum (hippocampus), cingulum (cingulate gyrus) and uncinate fasciculus was created using the JHU white-matter tractography atlas thresholded at 20%. Although these masks primarily contained the cingulum and uncinate fasciculus, they also contained smaller bundles, such as the angular bundle. Group differences within this white-matter mask (small-volume corrected) were examined and thresholded at p < .05 controlling the local false discovery rate [28] . Only clusters greater than or equal to 3 voxels are reported.
Results
Fronto-limbic gray matter differences
TRD patients showed reduced gray matter volumes relative to healthy controls in the left medial OFC and bilateral hippocampus, with a particularly prominent cluster in the left hippocampus ( Figure  1A and Table 2 ). No regions showed greater gray matter volume in TRD patients than healthy controls.
Fronto-limbic white matter differences
Elevated FA values in the left angular bundle and right uncinate fasciculus, as well as elevated MO values in the overlapping right uncinate fasciculus were found in TRD patients in comparison to healthy controls ( Figure 1B and Table 2 ). No regions showed decreased FA or MO in TRD patients versus healthy controls, and no differences in MD in either direction were found.
Data integration
Due to the proximity of the significant left hippocampus volume cluster and the left angular bundle FA cluster, we next examined whether these values were correlated within the TRD group. Volume values in the left hippocampus cluster that showed a significant difference between groups identified in the VBM analysis, as well as FA values from the left angular bundle cluster identified in the TBSS analysis were extracted. One patient had a left hippocampus volume that was more than 2.5 standard deviations smaller than the TRD group mean. After excluding this outlier patient, the correlation between left hippocampus volume and left angular bundle FA in the TRD group was highly significant (r = -0.558, p = 0.009) ( Figure  1C ). Left hippocampus volume and left angular bundle FA were not significantly correlated in healthy controls (r = 0.156, p = 0.499).
Furthermore, we examined the relationship between hippocampal volume and DTI measures in the entire uncinate fasciculus and cingulum, as defined by a-priori ROIs, for the left and right hemispheres separately. After excluding outliers who had values greater than 2.5 Table 2 : Regions that showed significant structural differences between treatment-resistant depression (TRD) and healthy control groups.
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standard deviations away from the TRD group mean, hippocampal volume in the region defined a-priori was not associated with FA, MD or MO in any of the white matter ROIs in TRD patients, all ps > 0.07. This suggests that there is a unique and specific relationship between the left hippocampus and left angular bundle in TRD patients, rather than a more global association between temporal lobe regions.
Discussion
Here, we simultaneously used VBM and TBSS methods to demonstrate that TRD is associated with patterns of related change in gray and white matter structures. By examining a unique homogeneous group of medication-free TRD patients who failed to respond to standardized psychotherapeutic treatment as well as a combination of antidepressants and mood stabilizers, we showed that compared to controls, TRD was associated with reduced gray matter volume in bilateral hippocampus and left medial OFC, with particularly large effects in the left hippocampus. Increased FA in the nearby left angular bundle was also found in the TRD group in comparison to healthy controls. Diffusion results were integrated with volumetric findings such that FA values in the left angular bundle were negatively correlated with gray matter volume in the left hippocampus in the TRD group only. This suggests that TRD may be characterized by abnormalities in the left hippocampus and its related fiber tracts.
The hippocampus is not only featured in fronto-limbic circuit models of depression [6] [7] [8] , but is also thought to be central to the etiology and treatment of the disorder [32, 33] . Smaller hippocampal volume has been shown to be a vulnerability factor for poor treatment response [34, 35] , and electroconvulsive therapy, a treatment that leads to remission in about 50% of depressed patients [36] , has been shown to specifically increase hippocampal and amygdala volume [37] . Functionally, cells within the dentate gyrus structure of the hippocampus are thought to be especially relevant to depression as depression-like behavior was shown to be suppressed when specific Figure 1 : Regions that showed significant differences between treatment-resistant depression (TRD) and healthy controls.
(A) Voxel-based morphometry revealed reduced gray matter volume in the TRD patients in comparison to healthy controls in the left medial orbitofrontal cortex and bilateral hippocampus. Green regions depict gray matter ROI mask consisting of the subcallosal cortex, amygdala, and hippocampus; (B) Diffusion tensor imaging showed increased fractional anisotropy (FA) in the left angular bundle and right uncinate fasciculus, as well as increased mode of anisotropy (MO) in the right uncinate fasciculus in TRD patients in comparison to healthy controls. Green regions depict white matter ROI mask consisting of bilateral cingulum (hippocampus), cingulum (cingulate gyrus), and uncinate fasciculus; (C) FA values in the left angular bundle were negatively correlated with gray matter volume in the left hippocampus in the TRD group only. cells in this region were stimulated in mice [38] . Our results showing reduced hippocampal volume in TRD patients may reflect a lack of neurogenesis in this region, which may then contribute to poor treatment response in this group.
Combining VBM results with tract-based white matter analyses allowed us to relate changes in gray matter to associated white matter abnormalities. Results from this study revealed that TRD was associated with increased FA in the left angular bundle adjacent to the left hippocampus region that showed reduced gray matter volume. The angular bundle is the primary route by which neocortical inputs reach the dentate gyrus and hippocampus, and is the main pathway for fibers that originate from the entorhinal cortex and project to other hippocampal components [39] . The increase in FA may thus reflect reduced integrity in smaller crossing fibers that are perpendicular to the dominant angular bundle, or reduced branching of white matter tracts [40] . Notably, the FA values in the left angular bundle were significantly negatively correlated with the volume of the nearby left hippocampus, suggesting that gray matter deficits in the hippocampus are associated with white matter abnormalities in hippocampusrelated pathways. Thus, TRD is associated with abnormalities in numerous related mediotemporal structures. The significance of these left-lateralized results remains to be explored, especially as the sample was predominantly right-handed.
We also identified volumetric reductions within the medial OFC, a region strongly connected to the hippocampus that is critical for reward [41] and emotion processing [42] . Our results are consistent with several meta-analyses showing volumetric reductions within frontal regions, especially in the ACC and OFC, in depression [43, 44] . Two studies in particular have shown prefrontal abnormalities in more severe depression groups; reduced gray matter volume in right prefrontal lobe has been found in TRD [45] , and smaller gray matter volume in bilateral OFC has been found in suicidal MDD [46] . Our results extend these findings and show that TRD is characterized by reduced gray matter volume in the left medial OFC. Further exploration is needed to determine whether the lateralization of this finding is due to a lack of power or is instead related to the functional lateralization of the prefrontal cortex [47] . Because the medial OFC is functionally connected with emotion-and reward-related regions including the amygdala, hippocampus, striatum and insula [41] , structural abnormalities of the medial OFC may have far-reaching consequences, and be involved in the emotion and reward processing aberrations observed in TRD.
Abnormalities within the uncinate fasciculus, a white matter tract that connects the anterior temporal lobe with medial and lateral OFC [48] , were also identified. More specifically, TRD patients showed increased FA and MO, reflecting greater directionality and fewer crossing fibers respectively, in the right uncinate fasciculus in comparison to healthy controls. Similar results of increased FA accompanied by reduced radial diffusivity, which reflects fewer obliquely oriented fibers, and increased longitudinal diffusivity, which reflects more longitudinally aligned fibers, have been found in the same region in bipolar disorder [49] . A critical study examining FA and MO as well as probabilistic tractography demonstrated that increased MO and co-localised FA, which is also observed in this study, was explained by relative preservation of one fiber track along with degeneration of a crossing fiber track [31] . Since there are other tracts crossing at this uncinate fasciculus region [48] , such as the fornix, it is possible that increased FA in TRD patients may be due to preservation of particular white matter tracks accompanied by degeneration of other white matter tracks projecting to or from the hippocampus. Future studies using tractography are needed to confirm this hypothesis. Nevertheless, these results suggest that TRD may be related to selective deficits in the uncinate fasciculus, a core limbic system white matter tract involved in emotion processing [50] .
It is important to note that the FA results reported in this study are opposite to the majority of the extant depression literature that has reported decreased FA values associated with depression [51], although these decreases were observed in a variety of regions [12] [13] [14] . One possible explanation for this discrepancy is that there may be important genetic polymorphisms moderating microstructural integrity reflected in FA. Indeed, brain-derived neurotrophic factor alleles have been shown to differentially affect FA values in left cingulum (rostral) in MDD [18] . Additionally, it is possible that FA values are reduced across a broader depression spectrum, but are increased within our especially homogeneous TRD sample (i.e., restriction of range).
Limitations
Several limitations of this study are important to consider. First, because we did not have a non-TRD depressed group, direct comparisons between TRD and non-TRD depression were not possible. As a result, the structural abnormalities in fronto-limbic regions identified in this study may not be specific to TRD and may instead be characteristic of depression more broadly. Second, although the patients in this study were free from current medication, it is not possible to determine if the abnormalities identified were due to past medication use. However, TRD by definition requires patients to have an extensive medication history so disentangling TRD from past medication use may be extremely difficult. Third, focused ROIs were used to examine gray and white matter abnormalities and future studies examining other brain systems will be important. Finally, the reported structural abnormalities were small and need to be replicated in order to determine their robustness. Relatedly, the use of more optimal scan parameters, particularly for diffusion weighted imaging, that have been developed since the time of data acquisition will provide better resolution to confirm the abnormalities identified here.
Conclusion
In summary, we combined VBM and TBSS to simultaneously identify structural abnormalities in gray and white matter in a particularly severe group of medication-free TRD patients. Identification of abnormal volume and white matter integrity within various regions of the fronto-limbic circuit provide more evidence for conceptualizing TRD and depression more broadly as an illness involving emotion-related brain circuits. Furthermore, the relationship between left hippocampal volume and angular bundle FA suggests that TRD is not only associated with isolated abnormalities in gray and white matter brain regions, but that these structural changes may occur together. As a result, development of treatments targeting mediotemporal structures may be fruitful for depressed individuals, and this group of patients who are especially difficult to treat.
